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Abstract
The predicted thermal flash from supernova (SN) shock breakout might have been
detected for the first time by Swift in GRB 060218/SN 2006aj. The detected ther-
mal X-ray emission in this event implies emergence of a trans-relativistic (TR) SN
shock with kinetic energy of Ek & 10
49erg. During TRSN shock breakout, the ther-
mal photons could be “accelerated” by the shock through repeated bulk Compton
scattering, forming a nonthermal γ/X-ray component with dominant energy over
thermal one. This mechanism of “photon acceleration” at TRSN shock breakout
might also account for gamma-rays in the other similar low-luminosity GRBs, im-
plying that they are atypical GRBs with only TR outflows. TRSNe form a peculiar
type of SNe with large kinetic energy, & 1049erg, in TR ejecta, Γβ & 2.
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1 Thermal emission in GRB
060218/SN 2006aj
A SN explosion must result in a shock
wave propagating inside the progen-
itor star and leading to ejection of
the stellar envelope. The SN shock
must be radiation-pressure domi-
nated due to the huge optical depth
trapping the radiation inside the
star, and the shock should be medi-
ated by Compton scattering of pho-
tons. The scattering optical depth
within the shock width is τsh ∼ c/vsh
with vsh the shock velocity. As the
shock makes its way outward, the
pre-shock optical depth, τ , decreases.
Once τ ∼ τsh, the radiation start to
diffuse faster than shock propagation
and hence escapes. At this moment a
thermal radiation flash arises, mark-
ing the SN emergence. Shock break-
out flashes have been predicted for
decades (1) but never been detected
due to their transient nature and
early occurrence in X-ray band.
Recently, thanks to Swift a thermal
X-ray component was detected in
the prompt emission of GRB 060218
(2). The thermal emission showed to-
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tal energy E ∼ 1049erg, temperature
T ≈ 0.2 keV and duration∆t ∼ 103s.
For a stellar-scale event, this amount
of energy in keV temperature simply
suggests a radiation-dominated emis-
sion region. Its size can be estimated
to be R ∼ (E/aT 4)1/3 ∼ 1013cm,
much larger than that of the com-
pact progenitor for the observed as-
sociated type Ic SN. In the context
of SN shock breakout, R should be
the breakout radius, so there should
be still substantial material outside
of the stellar surface that would trap
the radiation. The required amount
ofmass beyond the breakout radiusR
is only M = 4piR2τ/κ ∼ 10−6τM⊙,
which could be either a somewhat
large stellar wind (of mass loss rate
M˙ = Mvwind/R ∼ 10
−4τM⊙/yr and
wind velocity vwind = 10
3km/s) or
just some mass shell that is ejected
few days before the burst. Note,
τ ∼ c/vsh in the above equations for
optical depth at breakout radius R.
The shock velocity can be derived
from jump condition in the radia-
tion dominated shock, aT 4 ∼ 3ρv2sh,
where ρ is the medium density at R
(ρ = M˙/4piR2vwind for a ρ ∝ r
−2
wind). It turns out to be a TR shock
velocity, vsh/c ∼ few (more detailed
calculation in (3) gives Γβsh ∼ 2).
In short, the observed large thermal
energy E with high temperature T
in GRB 060218 might imply that a
TRSN shock breaks through from an
optically thick stellar wind or pre-
ejected shell. Note, R/c ∼ 200s < ∆t
just means that this is an anisotropic
explosion, where the flash duration
is not simply R/c.
2 Nonthermal flash: photon ac-
celeration in trans-relativistic
SN shock
The observed prompt emission in
GRB 060218 is still dominated by
nonthermal γ/X-rays, which consti-
tute 80% flux in Swift XRT. In sense
of dominant energy, the production
of nonthermal component is still an
important question. We showed in
(4) that the nonthermal emission is
naturally expected in the context
of TRSN shock breakout. The rea-
son is the following. During the TR
shock breakout, the pre-shock op-
tical depth τ ∼ 1/βsh ∼ 1 is still
substantial, thus some fraction of the
outgoing photons could be backscat-
tered (with a probability of ∼ τ)
and travel through the shock from
upstream to downstream. These
photons would encounter the down-
stream electrons, i.e., in the swept-
up material or the SN ejecta, which
are moving in a bulk Lorentz factor
Γ ∼few (Downstream electrons are
practically cold since their thermal
energy is much less than their bulk
kinetic energy). The downstream
electrons can Compton scatter pho-
tons back through the shock (from
downstream to upstream) with en-
ergy increased by ∼ Γ2. Then pho-
tons might undergo multiple shock
crossings, and the photon energy
would be enhanced by a factor ∼ Γ2
each shock crossing cycle, leading to
a power-law like photon spectrum.
This process of “photon accelera-
tion” (Fig. 1) mimics the Fermi ac-
celeration of charged particles in col-
lisionless shocks. The energy source
for “photon acceleration” would be
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Fig. 1. Schematic plot of “shock acceleration” of photons at TRSN shock breakout.
The observed photon energy is enhanced by a factor of ∼ Γ2 each shock crossing
cycle.
the bulk kinetic energy of the SN
ejecta, thus the process can be called
bulk Comptonization.
Since the shock propagation leads to
that τ and hence the rate of photon
backscattering are decreasing with
time, it is not easy to solve the prob-
lem analytically. In order to find out
if photons can be accelerated effi-
ciently and a dominant nonthermal
component arises at TRSN shock
breakout, we carry out a monte-carlo
(MC) calculation in this problem
with some simple assumptions. We
consider the SN ejecta as a piston
with constant Γ and infinite optical
depth moving in a stratified medium,
ρ ∝ r−2. The piston drives a shock
into the medium, thus there are three
regions in the picture: the piston, the
shocked medium and the pre-shock
medium. The thermal photons are
generated downstream before break-
out. During photons diffuse out they
undergo scattering in these three re-
gions, with energy gain in head-on
collisions and energy lose in head-tail
ones. In the MC calculation, we in-
ject thermal photons in the shocked
medium region at some point and
follow the scattering history until it
escapes out. Klein-Nishina effect is
considered in scattering, and pho-
tons are taken as test particles. Two
important assumptions are: first, we
consider planar geometry and pho-
tons travelling in one dimension; sec-
ondly, we assume infinitesimal shock
width, simply because the structure
of radiation-dominated shock is not
known for relativistic case.
The resulted spectra of calculation
for single-time injection of thermal
photons, corresponding to certain
τ or r, are shown in Fig. 2 (from
Fig. 1 of reference (4)). It can be
seen that in the case of TR shocks,
Γ = 1.5 − 2, the final emergent non-
thermal emission is dominant over
the initial injected thermal one, and
the peak energy is Epeak ∼ a few keV,
consistent with observed in GRB
060218. So the main spectral features
of GRB 060218 is reproduced in gen-
eral by the TRSN shocks. TR bulk
motion is also required to upscatter
photons efficiently, and to have low
optical depth at breakout radius,
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Fig. 2. MC results: the time-integrated energy distribution of the escaping photons
(solid lines) for single-time injection of thermal photons (dotted lines).
τ ∼ c/vsh < a few, so that photon
absorption is unimportant. The pho-
ton arrival times in single-injection
cases spread in much shorter periods
as opposed to the observed 103s dura-
tion, which is due to the anisotropic
geometry. In our model, the non-
thermal emission duration should be
comparable to the thermal one.
3 Low-luminosity GRB: trans-
relativistic SN shock break-
out
So far Type Ic SNe are spectroscopi-
cally observed to be associated with
four GRBs, namely GRBs 980425,
030329, 031203 and 060218. Among
them the luminous GRB 030329 ap-
pears to be typical, while the other
three show much lower luminosity
and lower redshifts (z < 1). The
three low-luminosity GRBs (LL-
GRBs) show similar gamma-ray
emission properties: they all show low
(isotropic) energy, Eγ,iso < 10
50erg
(1052−54erg for typical GRBs); the
light curves are smooth without mul-
tiple peaks; the spectra could be fit
with power law with some cutoff at
few hundreds keV or lower. These
properties are consistent with non-
thermal flashes from TRSN shock
breakout discussed above. Further-
more, their afterglows also show
hints for mildly relativistic ejecta.
In GRB 980425, the radio afterglow
modelling implies the Lorentz factor
and kinetic energy of the SN ejecta
as Γ ≈ 1.5 and Ek ≈ 5×10
49, respec-
tively (5); The relatively flat light
curve of its X-ray afterglow up to
∼ 100 days after the burst is consis-
tent with a long coasting phase (due
to low medium density) of a mildly
4
relativistic shell with energy of a few
1049erg (6). Similarly, the X-ray af-
terglow of GRB 031203 also had an
early similar flat light curve (7).
There are also some diversities in
LLGRBs. GRB 980425 shows only
short duration, ∼ 30s, and very low
energy, Eγ,iso < 10
48erg, in contrast
with GRB 060218. GRB 031203 also
has duration of tens of seconds. These
can be interpreted as that GRBs
980425 and 031203 are produced
by relevant TRSNe breakout at the
progenitor stellar surface other than
optically thick stellar winds. In this
case the pre-shock medium density
and hence the backscattering rate
decreases sharply with time. Actu-
ally, the modelling of X-ray/radio
afterglow of GRB 980425 indicates
only a optically thin wind (5; 6).
From the above lines of reasoning,
we propose that these three LLGRBs
come from photon acceleration at
TRSN shock breakout, which are
distinct from the typical GRBs in
mechanism.
4 Summary
• Shock acceleration of thermal pho-
tons at TRSN shock breakout can
produce gamma/X-ray flash. This
mechanism requires only TR out-
flow.
• Both nonthermal and thermal
emission (as well as the early,
< 1 day, UV/O emission and the
late, > 104s, power-law-decay X-
ray afterglow in GRB 060218/SN
2006aj (2; 3)) could be gener-
ated in the same context of TRSN
shock breakout. This suggests
GRB 060218 as the first detection
of the thermal flash from SN shock
breakout.
• LLGRBs could be produced by SN
shock breakout with TR ejecta,
distinct from typical GRBs with
ultra-relativistic outflows.
• TRSNe appear to be a new SN
category. Large fraction of energy
in TR ejecta is difficult to come
from shock acceleration in stellar
surface in the case of spherical SN
explosion. TRSNe might always be
related to anisotropic hypernovae,
but what produces & 1049erg in
TR ejecta is still an open question.
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